ABSTRACT. Patched domain-containing genes are members of a small family originally identified in Drosophila. A common feature of transmembrane patched domain-containing proteins is their function in the transport of sterols, sterol-modified proteins, and lipids. Recently, an expansion phenomenon of patched domain-containing genes was found in Caenorhabditis elegans; the major contributor to this higher number was patched-related (PTR) type genes. However, little is known about their expansion pattern and evolutionary origin. We performed a systematic genome-wide survey of patched domain-containing genes in species ranging from protozoa to vertebrates, as well as some plants. We found that patched domain-containing genes are conserved in plant and animal genomes and their expansion likely occurred in the early stages of nematode speciation. Based on analysis of phylogenetic and reconciled trees and calculation of synonymous substitutions, we discovered that the PTR genes appear to have experienced two expansions within a relatively short period after the speciation of nematodes. We also found that some patched domain-containing genes possessing a relatively 7319 Evolutionary pattern of patched domain-containing genes ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 13 (3): 7318-7331 (2014) recent evolutionary origin, such as PTR and PTCHD1, had fewer exons and shorter nucleotide coding sequence lengths compared with the older ones. It appears that the different types of patched domain-containing genes have different evolutionary patterns in different species.
INTRODUCTION
Patched domain-containing genes are proposed to encode a 12 transmembrane (TM) protein, with five of the TMs comprising a 180-amino acid sterol-sensing domain Loftus et al., 1997) , and they were initially identified in Drosophila, functioning in the patterning of anterior/posterior body segments and limbs (Ingham, 1998; Johnson and Scott, 1998) . Subsequently, they have been identified in a number of species, and their roles appear to be conserved from fruit flies to vertebrates. A collective feature shared by patched domain-containing proteins is their function in the transport of sterols, sterol-modified proteins or lipids (Kuwabara and Labouesse, 2002) . The TM protein patched is a key member of this family that upon binding of its ligand Hedgehog (Hh) activates the downstream effector Smoothened (Smo) (Hooper and Scott, 1989) .
Proteins containing the patched domain in animals can be divided into five types: patched (PTC/PTCH), patched domain-containing (PTCHD), patched-related (PTR), dispatched (DISp), and human Niemann-Pick C disease (NPC1 and NPC1L1) (Kuwabara and Labouesse, 2002) . Three PTC (PTC1, PTC2 and PTC3) homologous genes are found in Caenorhabditis elegans; it is known that PTC1 is functionally confined to germ line cytokinesis (Kuwabara et al., 2000) and that PTC3 is essential for osmoregulation (Soloviev et al., 2011) . Other known functions of patched domain-containing proteins include DISp, which functions in the release of Hh from Hh producing cells (Burke et al., 1999) , and NPC1, a protein with sequence similarity to PTC, which is involved in cholesterol trafficking . Recently, it was reported that the inherited neurodevelopmental disorder autism is related to the X-chromosome gene PTCHD1 (Noor et al., 2010) . The PTR group of patched domain-containing proteins was identified in C. elegans and was shown to be closely related to PTC in predicted topology (Kuwabara et al., 2000) . Functional analysis of PTC, PTR and Hh-r in C. elegans has revealed that they are involved in molting, cytokinesis, growth, and pattern formation (Zugasti et al., 2005) .
Much research has previously been done to reveal the diverse functions of patched domain-containing genes. In these studies, Zugasti et al. (2005) identified more patched domain-containing genes caused by expansion of PTR genes in C. elegans than in Drosophila melanogaster, Mus musculus, and Homo sapiens. However, no investigation about the expansion pattern, expansion time and evolutionary process of these genes has been reported. It is clear that the patched domain-containing gene family manifests lineage-specific expansion in nematodes, although this family is a small one in plants and animals from our analysis and a previous study (Zugasti et al., 2005) . We know that lineage-specific expansion plays a considerable role in the organization and differentiation of the proteome of eukaryotes (Lespinet et al., 2002) , and gene duplication is regarded as a principal driving force in adaptive evolution of the genome (Ohno, 1970) . Duplicates are considered the raw materials and primary mechanisms for the genesis of new genes and novel gene functions (Long and Langley, 1993) . At least 8-20% of D. melanogaster, C. elegans, and Saccharomyces cervisiae genomes are considered to be caused by gene duplication, and the rate of gene duplications in C. elegans is higher than that in Drosophila and in yeast (Lynch and Conery, 2000) . Because little has been reported in regard to the expansion pattern and evolutionary pattern of these patched domaincontaining genes, this study aimed to conduct a broad survey from protozoa to vertebrates and in several plant species at the genome-wide level. It was shown that patched domain-containing genes are conserved across plants and animals and emerged before the split of plants and animals. Also, the expansion of patched domain-containing genes likely occurred in the early stage of nematode speciation. According to our analysis of the phylogenetic tree and reconciled tree of patched domain-containing genes in 19 species and calculation of synonymous substitutions (Ks) of PTR genes, we interpreted our data to indicate that PTR genes might have experienced two expansions in a relatively concentrated period after the speciation of nematodes. We also found that those genes possessing a relatively recent evolutionary origin, such as PTR and PTCHD1, had fewer exons and shorter nucleotide coding sequences (CDS) compared with the evolutionarily older ones. Our study suggests that genes of different types may have different evolutionary patterns in different species. (Punta et al., 2012) (http://pfam.sanger.ac.uk/) to BLAST against the genome sequences with an e value ≤10. Only genes possessing a standard CDS, which meant that CDS lengths were integer multiples of three, could be recognized as candidates. These candidate proteins were then checked by Pfam analysis to predict the presence of a patched domain (PF02460); if this exact domain was confirmed in candidate proteins, it was then considered to belong to the patched domain-containing gene family.
MATERIAL AND METHODS

Identification of patched domain-containing genes
Sequence alignment and phylogenetic analysis
The amino acid sequences of the patched domain-containing proteins in 19 genomes were first aligned using the MUSCLE program with default options and then manually corrected using MEGA v5.0 (Tamura et al., 2011) . The alignments were used to construct a neighbor-joining tree using ClustalW 2.0 (Larkin et al., 2007) with 1000 bootstrap replicates. The protein sequences of patched domains from the three Caenorhabditis were aligned and a phylogenetic tree was constructed on the basis of the neighbor-joining method (Saitou and Nei, 1987 ) with a Kimura 2-parameter model by MEGA v5.0 with 1000 replicates. Phylogenetic trees were all displayed using MEGA v5.0.
Reconciliation analysis
We constructed the reconciled tree on the PrIMETV website (http://prime.sbc.su.se/ primetv/). Two kinds of trees, including a species tree and a phylogenetic tree of the gene family were needed for reconciliation analysis. The species tree was obtained from the NCBITaxonomy Common Tree (http://www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/wwwcmt. cgi) including the 19 species studied, while the phylogenetic tree for the gene family was ready-made by ClustalW 2.0. A reconciled tree could be easily attained from the illustrations of the PrIMETV website.
Calculation of Ks
To understand the process of duplication in PTR genes, Ks, which are used to reflect the duplication time, were calculated by MEGA v5.0. CDSs of PTR genes in C. elegans were aligned using the MUSCLE program with default options in MEGA v5.0 according to alignments of protein sequences. The Ks were then computed pairwise on the basis of the multiple sequence alignments by MEGA v5.0.
Physical location analysis
The exon numbers and CDS lengths of all patched domain-containing genes in our research were obtained on the basis of the genome annotations for each species by Practical Extraction and Report Language (Perl) scripts. The information regarding the physical position for the patched domain-containing genes in C. elegans was obtained according to its genome annotation, and then a figure for physical location was made using the GenomePixelizer software (Kozik et al., 2002) .
RESULTS
Identification of the patched domain-containing gene family
To explore the origin of the expansion event, we identified patched domain-containing genes across a wide range of animal phyla, including lower animals (e.g., P. tetraurelia and A. queenslandica) and higher animals (e.g., M. domestica). Furthermore, the four plants O. tauri, P. patens, O. sativa, and A. thaliana were also analyzed. On the basis of the conserved patched domain (PF02460), we performed BLAST searches and Pfam analysis to investigate the patched domain-containing gene family at the genome-wide level. A total of 174 patched domain-containing genes, averaging 10.24 per genome, were detected in 17 representative animals, and 10 patched domain-containing genes were also identified in the four plant genomes (Table 1 ). Narrow ranges of 1 to 11 copies for the species, except Caenorhabditis, indicated that the relatively low copies were sufficient for their survival requirements. Furthermore, unlike the known large number of patched domain-containing genes in Caenorhabditis, the genes of higher animals had even distributions for the seven protein types. For example, the protein type of DISp was absent in Caenorhabditis genomes, while it was present at low copy numbers in other species (1 to 2 per species). These results indicated that although patched domain-containing genes had different copy numbers in each species, they were still conserved across the plant and animal kingdoms and emerged before the split of plants and animals.
Species
Protein type Total 
Blue branches represent animals, while green branches represent plants. *No gene could be classified in the corresponding types. We also identified 55 and 27 patched domain-containing genes in another two nonrhabditid nematodes, A. suum and M. hapla, respectively (data not shown). Thus, the results indicated that the expansion of patched domain-containing genes likely occurred in the early stage of nematode speciation and nematodes might have retained them to fulfill basic survival requirements.
Phylogenetic analysis of the patched domain-containing family
To further investigate the evolutionary history and process of patched domain-containing genes, we constructed an unrooted phylogenetic tree based on the amino acid sequences of the core patched domain from the 19 species studied (Figure 1 and Figure S1 ). In Table 1 , 27 patched domain-containing genes could not be classified into distinct types because there was no related literature. The genes from lower animals and plants may represent a more ancient situation of patched domain-containing genes. However, some of them could be easily distinguished according to the phylogenetic relationship in our phylogenetic tree. The phylogenetic tree could be divided into 7 clades representing the corresponding types of patched domain-containing genes (A-G). Ten of these genes resided in the NCR/NPC1/NPC1L1 clade (clade B). One gene of O. tauri and three genes of N. vectensis were clustered in the PTCHD2 clade (clade E), while one from H. magnipapillata and one from N. vectensis were clustered in the PTC clade (clade A) (Figure 1) . The ubiquitous existence of NPC/NPC1/NPC1L1, PTCHD2 and PTC/PTCH genes in both plants and animals and the relatively longer branch lengths suggested that these three types of genes may have an ancient evolutionary origin. To uncover the unique expansion pattern of PTR genes, we focused on the largest clade (clade G), which was composed of 31 of 33 PTR genes, except PTR19 and PTR24 of C. elegans. PTR19 of C. elegans was clustered with Hypothetical protein and PTCHD1 genes, and it was the most outer branch in the clade with a high bootstrap value, which illustrated that PTR19 could be the ancestor of these genes. PTR24, clustering together with Hypothetical protein of C. elegans, was separated from clade G. The deeper inner nodes and longer branch lengths of clade G indicated that, in comparison with DISp, PTCHD1 and Hypothetical protein, the PTR genes had a relatively ancient evolutionary origin, or evolved faster with more diversification. Furthermore, clade G could be clearly divided into two subclades: subclade 1 contained 7 PTR genes from C. elegans and 9 from other animals, while subclade 2 was C. elegans specific, including 15 members. From this, we inferred that the PTR gene family might have experienced two expansions after the speciation of nematodes necessary for adaption to their environment or some other physiological need, while other higher animals only reserved one copy in their own genomes.
Construction of the reconciled tree
To further confirm our inference, we constructed a reconciled tree, which could be viewed as a gene-family tree evolving inside another species tree (Sennblad et al., 2007) .
At the bottom of the reconciled tree (Figure 2 ), 19 independent blue branches represented the 19 species in our study, and the black dots indicated patched domain-containing genes. After the first speciation node in the tree, two distinct clades, plants and animals, were recognized. It was very clear that there were many more genes in the branch of C. elegans than other species. This tree illustrated the evolutionary details of patched domain-containing genes concerning gene duplication and distribution in C. elegans. The two types, PTC/PTCH and NCR/NPC1/NPC1L1, were present as a single copy before the occurrence of C. elegans, while during the speciation of C. elegans, they duplicated respectively and engendered three PTC/PTCH genes (PTC1/PTC2/PTC3) and two NCR/NPC1/NPC1L1 genes (NCR1/NCR2). Conversely, two ancestral genes duplicated into six copies before speciation of C. elegans, and then, all of them were kept as ancestors of the PTR gene in the C. elegans genome, except one which was the ancestral gene for DISp-type genes. Three of the six copies were conserved during the appearance of higher species and were the incarnation of DISp, PTCHD1/Hypothetical protein and PTR genes found in higher animals. Within the period of C. elegans speciation, we could easily distinguish that five of the six copies duplicated 20 times (20 black squares) at different times and finally led to the PTR expansion. Furthermore, it was clear that these duplication squares distinctly separated into two groups, which corresponded to the two subclades described in the previous section (Figure 1) . Therefore, few gene duplications occurred before speciation of C. elegans, and then after other species split, there were two expansion events of PTR genes, which resulted in the expansion of patched domain-containing genes in C. elegans, and in nematodes in general.
To explore the expansion time of PTR genes, we calculated the Ks value of PTR genes in C. elegans. It was clear that there were two continuous peaks in the Ks range of 2 to 3 ( Figure S2 ), indicating that the PTR genes in C. elegans experienced two duplications in a relatively concentrated period. We also calculated the Ks values of PTR genes of the two subclades in C. elegans (Figure 1 , clade G), 2.43 and 2.87 were got from sub-clade 1 and subclade 2, respectively, which demonstrated that the duplication of genes in subclade 2 might have occurred earlier than in subclade 1 containing the PTR genes from other animals. In addition, the two Ks values were consistent with the two duplication peaks (Figure S2 ), further clarifying that PTR genes had experienced two duplications, which accorded with the conclusion gotten from the phylogenetic and reconciled trees.
Patterns of exon evolution
To better understand the evolutionary pattern of patched domain-containing genes, we surveyed the exon number and CDS length of all patched domain-containing genes identified in this study ( Table 2 ). The exon number ranged from 4 to 20 in C. elegans (Table S1 ). PTC2 had the smallest exon number and the shortest CDS length, maybe because it is a pseudogene and was also recently duplicated (Kuwabara et al., 2000) . For the more ancient genes, such as NCR1, NCR2 and PTC3, we found more exons and longer CDS lengths in C. elegans. The phenomenon that younger genes had fewer exons than older ones was more evident in the higher animals. On the basis of the phylogenetic tree (Figure 1 and Figure S1 ), we noted that PTC/PTCH, NPC/NPC1/NPC1L1, and PTCHD2 had an ancient evolutionary origin, whereas PTCHD1, Hypothetical protein, PTR, and DISp had a relatively recent origin. To determine the distribution of exon numbers and CDS lengths, we calculated their median values across each gene type (Table 2 and Table S2 ). The median values of the exon numbers for those older genes, PTC/PTCH (PTCH1/PTCH2), PTCHD2, and NCR/NPC1/NPC1L1, fell in the range of 19.5 to 22.5. The lower exon numbers of these genes in C. elegans and D. melanogaster could be explained by prior research, which described that nematodes and fruit flies have significant intron loss (Kiontke et al., 2004; Putnam et al., 2007) . In contrast to the median exon number of the more ancient genes, the distribution of exon numbers for the younger genes, PTCHD1, Hypothetical protein, PTR, and DISp, was significantly lower (t-test, P < 0.01). Furthermore, the distribution of CDS lengths for younger genes (~2600 bp) was significantly lower (t-test, P < 0.01) when compared with the distribution for older genes (3834 to 4104 bp), except for DISp genes. We interpret these data as indicating that the evolutionary pattern may be different between young and old genes, which is reflected in the different exon numbers and CDS lengths of patched domain-containing genes. Table 2 . Exon number and CDS length for each type of patched-containing gene.
*Exon number. †
CDS length (bp). ‡
Analysis of the patched domain-containing genes in three Caenorhabditis species
To analyze the particular evolutionary pattern of patched domain-containing genes in worms, we constructed another phylogenetic tree using the patched domain-containing genes only in C. elegans, C. briggsae and C. remanei. This phylogenetic tree was constructed with MEGA v5.0 using the amino acid sequences of the core patched domains. Apart from PTC2 and the Hypothetical protein genes, all other 28 genes had clearly orthologous relationships between the three Caenorhabditis species (Figure 3) , indicating that the different types of patched domain-containing genes were conserved and generated at least before the three Caenorhabditis species split. It was clear from this tree that genes of C. briggsae were apparently more closely related to C. remanei than to C. elegans. Indeed, the two species C. briggsae and C. remanei are known to have a closer genetic relationship and are thought to be sister species (Kiontke et al., 2004) . In addition, two clades with high bootstrap support which were composed of NCR and PTR24, respectively, were located outside with longer branch lengths, which suggested that they were more ancient than other genes. To further analyze the genetic evolutionary events in the genome of worms, the physical positions of patched domain-containing genes were deduced across the six chromosomes and illustrated by the GenomePixelizer software ( Figure S3 ). This analysis was only performed in C. elegans because it has intact chromosome information available. It is clear that patched domain-containing family members were scattered throughout all six chromosomes of the C. elegans genome, without any clustering. However, there were significantly more patched domain-containing genes (t-test, P < 0.05) located on chromosomes I and II (7 and 9) than those on other chromosomes (3, 1, 4, and 5). To test whether segmental duplications contributed to the expansion of patched genes in C. elegans, the method used by Schauser et al. (2005) was employed to investigate the evolutionary relationship between duplicated segments; however, no evidence of segmental duplication could be found between the gene pairs analyzed.
DISCUSSION
Duplication pattern of patched domain-containing genes in nematodes
Lineage-specific expansion is defined as the proliferation of a protein family in a particular lineage compared with other lineages. Although the patched domain-containing gene family is a small one in plants and animals, it was clear from our analysis that this family expanded in a lineage-specific manner in nematodes. Previous research has found that gene duplications are very widespread and more frequently observed in C. elegans than in either Drosophila or yeast (Katju and Lynch, 2003) . A gene duplication event is an important source of raw materials for the genesis of new genes in eukaryotic genomes, particularly in the origin of multi-gene families (Lespinet et al., 2002) . It can occur via three major mechanisms: unequal crossing over, transposition and chromosomal (or genome) duplication, which leads to tandem gene duplication, dispersed duplication and large-scale duplication (segmental duplication or whole genome duplication), respectively (Zhang, 2003) .
In our study, physical location and the method of Schauser et al. (2005) were used to investigate the duplication pattern of the patched domain-containing genes. Our results showed that no segmental duplication could be detected by BLAST search in an intra-chromosomal or inter-chromosomal fashion. Large-scale duplications (chromosomal or genome duplications) occur frequently in plants but infrequently in animals (Li et al., 2001) . Furthermore, regional duplications were not present in C. elegans, except three small regional duplications (Semple and Wolfe, 1999) , and C. elegans does not appear to have experienced a whole-genome duplication event because only very few block duplication events have been detected (Friedman and Hughes, 2001; Cavalcanti et al., 2003) . Our finding of no duplication regions could be explained by the possibility that a high rate of deletions or genomic rearrangements could have eliminated the evidence for regional duplications (Semple and Wolfe, 1999) , and thus, another mechanism may be more suitable for explaining our results. The large number of physically separated genes found in C. elegans suggested that these genes might have duplicated through transposition rather than unequal crossover. As previously reported, dispersed duplication caused by transposition is defined as duplications with intervening genes or genes located on different chromosomes (Zhou et al., 2008) . Another explanation leaning towards dispersed duplication is that tandem duplications could become dispersed during subsequent mutation events (Zhou et al., 2008) , and it has also been shown that new constrained functional genes in Drosophila were mostly dispersed duplicates. Taken together, we conclude that dispersed duplication could be the predominant mechanism for generating patched domain-containing genes in C. elegans.
Functional roles for the expanded patched domain-containing genes
Duplication occurs in an individual and can either be fixed or lost in the genome. Previous research has suggested that many duplicated genes will be lost (Kimura, 1979) , but for fixed duplicates, their evolutionary fate will be influenced by their own functions. Three alternative theories have been proposed to illustrate their fate: nonfunctionalization/pseudogenization, neofunctionalization and subfunctionalization.
It is known that lineage-specific expansion of gene families played an important part in the growth and differentiation of the proteomes of eukaryotes (Lespinet et al., 2002) . A previous study and our data both showed that nematode genomes had an obvious expansion of PTR genes relative to the one single PTR gene found in other animals (Zugasti et al., 2005) . Thus, the question arises: why did worms duplicate and conserve so many PTR genes in their genome? Species-specific gene duplication can lead to species-specific gene function, which could facilitate species-specific adaptation (Zhang et al., 2002) . Although little cholesterol is needed to form its membrane structure, C. elegans obtains sterol from exogenous food, because it is a cholesterol auxotrophic organism and lacks enzymes for synthesizing sterol. It has been suggested that the principal role of cholesterol in C. elegans may be in membrane structure and for signaling functions in molting and a specialized non-feeding larval stage. Animals complete their metamorphosis and become imagoes via molting, such as the stable fly, Stomoxys calcitrans, fruit fly, silkworm, and crustaceans (King and Siddall, 1969) , where their molting processes are all controlled by the steroidal hormone β-ecdysone. While in nematodes, ecdysone does not act as a molting hormone, because no ecdysteroids have been discovered in any free-living nematode (Chitwood, 1999) and no ecdysone receptor homologue has been found in the C. elegans genome (Kurzchalia and Ward, 2003) . Rather than using ecdysone, in C. elegans a sterol-derived hormone is involved in larval formation and molting (Matyash et al., 2004) , which has been related to many nematode-specific genes, including PTR4 and PTR23 (Frand et al., 2005) . During the process of molting in C. elegans, it synthesizes and secretes a new exoskeleton, which is a collagenous extracellular matrix distinct from the exoskeleton of the fruit fly underneath the old one (Frand et al., 2005) . It is also known that the PTR and Hh genes of C. elegans are involved in cell growth, patterning and molting, depending on sterols (Zugasti et al., 2005) . Taken together, these studies may indicate that the expansion of PTR genes facilitate nematode-specific adaptation.
In addition to the PTR genes, NCR1 and NCR2 are also involved in sterol metabolism (Li et al., 2004) . Additionally, some patched domain-containing genes might have experienced neofunctionalization, which is thought to be one of the most important outcomes of gene duplication. For example, PTR7/DAF6 is required for lumen formation (Perens and Shaham, 2005) and PTC1 is fundamentally confined to functioning in germ-line cytokinesis (Kuwabara et al., 2000) .
